Based on the in-use evaluation results:
Executive Summary
The St. Louis Metro Biodiesel Transit Bus Evaluation project is being conducted under a Cooperative Research and Development Agreement (CRADA) between the National Renewable Energy Laboratory (NREL) and the National Biodiesel Board (NBB). NBB's funds were provided, in part, by the Federal Transit Administration (FTA). The project evaluated the extended in-use performance of buses operating on B20 (20% biodiesel; 80% conventional diesel) fuel. It is one component of a larger effort with respect to biodiesel testing and evaluation.
The objective of this research project is to compare B20 and ultra-low sulfur diesel (ULSD) buses in terms of fuel economy, vehicle maintenance, engine performance, component wear, and lube oil performance.
The evaluations we present in this report examine fifteen 40-foot model year (MY) 2002 transit buses manufactured by Gillig equipped with MY 2002 (2004 emissions certification) Cummins ISM engines. For a period of 12 months, eight of these buses operated exclusively on B20 and the other seven operated exclusively on petroleum ULSD. The B20 and ULSD study groups operated from different depots at St. Louis Metro, but bus routes were matched for duty cycle parity.
Based on the in-use evaluation results:
• The B20 buses exhibited 1.7% lower fuel economy than the ULSD study group.
• Reliability, as measured by miles between road calls (MBRC), was comparable between the two study groups.
• There was no significant difference in total maintenance costs between the two groups.
• Engine and fuel system maintenance costs were 35% higher for the B20 study group, but because of bus-to-bus variability in maintenance costs, a statistical analysis shows that this difference is not significant with a high level of confidence (P=0.21).
• The B20 study group had a higher incidence of fuel filter and fuel injector replacements. Analysis of B100 and B20 samples did not indicate poor fuel quality. No fuel injectors were retained for tear-down analysis to determine failure mode and cause.
• Lube oil samples were collected over a wide range of mileage within the drain interval, and analysis indicates no harm and some potential benefits with B20 use; notably, soot and wear metals were lower. Viscosity, total base number, and corrosive metals were generally less degraded by ULSD use, but these qualities were still "ingrade" for the B20 buses throughout the oil drain interval.
This evaluation is being continued for a second year in order to provide more definitive answers to questions about how B20 impacts engine and fuel system maintenance, as well as other factors.
Background
This project is being conducted under a Cooperative Research and Development Agreement (CRADA) between the National Renewable Energy Laboratory (NREL) and the National Biodiesel Board (NBB). NBB's funds were provided, in part, by the Federal Transit Administration (FTA). This project is one component of a larger effort with respect to biodiesel testing and evaluation. Under the CRADA, NREL accomplished a detailed data collection and analysis on the St. Louis Metro (Metro) transit fleet's experience operating on B20 (20% biodiesel; 80% conventional diesel) for a period of 12 months. This study is the first B20 in-use fleet study using exhaust gas recirculation (EGR) equipped buses. This study is also the first study to compare the use of B20 to ultra-low sulfur diesel (ULSD).
The work is being performed by the Fleet Test and Evaluation (FT&E) team at NREL, which provides unbiased evaluations on alternative fuel and advanced transportation technologies that aim to reduce U.S. dependence on foreign oil while improving the nation's air quality. The FT&E team's role is to bridge the gap between research and development (R&D) and the commercial availability of alternative fuels and advanced vehicle technologies. FT&E supports DOE's Vehicle Technologies Program by examining market factors and customer requirements, evaluating the performance and durability of alternative fuel and advanced technology vehicles, and assessing the performance of these vehicles in fleet applications. 
Objectives
The objective of this project is to evaluate the extended in-use performance of B20 fuel. Specific objectives are to compare fuel economy, vehicle maintenance, engine performance, component wear, and lube oil performance against ULSD.
St. Louis Metro Fleet Operations and Facilities Operations
St. Louis Metro (Metro) was created in 1949 through a compact between the states of Missouri and Illinois and ratified by the United States Congress. Metro's broad powers enable it to cross local, county, and state boundaries to plan, construct, maintain, own, and operate specific facilities in its efforts to enhance the quality of life in the region. Its service area encompasses 200 municipalities.
Metro owns and operates the St. Louis Metropolitan region's public transportation system. The system includes MetroLink, the region's light rail system; MetroBus, the region's bus system; and Metro Call-A-Ride, a paratransit van system. Metro also oversees the operations of the St. Louis Downtown Airport and surrounding industrial business park, the Gateway Arch Revenue Collections Center, the Gateway Arch Transportation System, the Gateway Arch Riverboats, and the Gateway Arch Parking Facility.
In FY 2005, Metro transported over 46.5 million passengers on the MetroLink, MetroBus, and Metro Call-A-Ride systems. Metro maintains a fleet of 433 buses, 77 light rail vehicles, and 125 paratransit vans.
Facilities
Metro maintains four garage facilities (Main, Brentwood, Debaliveire and Illinois), two of which are the focus of this evaluation. The Brentwood Garage (BW) dispatches and maintains the B20-fueled buses and the Debaliveire Garage (DB) is the diesel bus control group.
Buses at each garage are fueled daily, to every other day at two indoor fueling dispensers. As part of service and cleaning operations, the buses are washed and fueled in the evening hours as buses return to the garage. Service and cleaning personnel fuel the buses, while hubodometer readings and fuel volume dispensed are automatically logged electronically.
Maintenance is also performed on the buses at each facility in several bays dedicated for maintenance operations. Depending on the service required, buses are lifted on hoists or driven over pits to perform necessary repairs or inspections. Maintenance work is recorded electronically by mechanics, capturing data on repair codes, parts, and labor hours.
Approach

Vehicle Selection
Fifteen identical buses are included in this evaluation project. Eight of the buses operate on B20 fuel and seven operate on ULSD to serve as a control group. Basic vehicle attributes are presented in Table 1 , and detailed vehicle specifications can be found in Appendix A. Operation and maintenance data is collected during normal operation and analyzed to evaluate performance. Additional information regarding the study vehicles is presented in Table 2 . Route / Duty-Cycle Selection Several comparative routes were considered to evaluate B20-and ULSD-fueled buses. Options were limited in selecting routes of similar characteristics, from different garages, which are specific to 40-foot transit buses. The B20-fueled study buses are driven on the 11 Chippewa route out of the Brentwood garage, while the ULSD-fueled study buses are operated on the 32 Wellston route from the Debaliveire garage. Route duty-cycle characteristics are summarized in Table 3 . Average speed is a more accurate representation of real-world driving, and was therefore the defining metric in selecting these two routes for comparison. The fueling regime at both Brentwood and Debaliveire garages is very similar. Brentwood fuels with B20 and Debaliveire with petroleum ULSD.
Fuel is generally delivered to each garage daily, to every four or five days. Rack-blended (in-line proportional blending) B20 is delivered to Brentwood by Hartford Wood River Terminal (HWRT). ULSD is delivered to Debaliveire by Energy Petroleum. Brentwood has four 20,000-gallon underground storage tanks (USTs), which have been converted to B20 storage. Debaliveire has tanks in equal number and relative location. All USTs are located behind the garage, and are connected to three interior fuel dispensers by about 1,000 feet of underground supply line. There is a 30 um filter downstream of the supply pump, and a 10 um filter at the fuel dispenser. There are three dispensers, two are actively being used and one is kept as a spare. All USTs are monitored by a leak-and water-detection system manufactured by Veeder-Root. In addition, the Veeder-Root system performs a tank tightness test (pressure test) once a month.
Each bus is scheduled to fuel every other day. As the bus enters the fueling island area, a radio frequency connection is established between the bus, the fueling dispenser, and Metro's M5 electronic database. The bus is recognized and odometer reading, fueling volume, and lube oil requirements are uploaded to M5. These fueling records are transferred to NREL for evaluation and analysis.
Vehicle Reliability
A road call (RC) is defined as a call-in to dispatch reporting a mechanical problem. Depending on the nature of the problem, dispatch may instruct operators to continue driving their routes. However, an RC may stem from an issue that requires the bus to stop driving, allowing for roadside mechanical repair or towing back to the maintenance facility. RCs and average miles (driven) between road calls (MBRC) are important reliability indicators for the transit industry. For the purposes of this analysis, data received from Metro indicating the occurrence of an RC was recorded as such, regardless of its relative severity.
Vehicle Maintenance and Data Collection
For the B20 fueled buses in this evaluation, routine maintenance is performed identically to the diesel buses. Scheduled maintenance is performed by Metro personnel at the Brentwood and Debaliveire garages, and preventative maintenance (PM) events are conducted every 6,000 miles of driving. The buses evaluated in this study had a 2-year/100,000 mile general warranty, with emissions control systems warranted to 200,000 miles. Thus, all buses operated in this study were outside their warranty or went out of warranty shortly after the start of the evaluation.
Maintenance events in the form of labor hours and parts costs are captured electronically by M5. These events are separated by work order, and further by job line. Each job line is specific to the vehicle subsystem under repair. Maintenance records are submitted electronically to NREL by Metro, reviewed for accuracy, and analyzed for maintenance cost per mile comparison of the B20 and diesel groups. For vehicle subsystems that may be impacted by B20 fuel use, maintenance cost per mile figures were calculated specific to these subsystems. These subsystems and specific components of interest include:
o Fuel supply system-fuel tank, fuel pumps, fuel lines, fuel injectors, fittings, sensors, etc.
o Fuel filters and housings
Vehicle Warranty Repairs
Data on warranty repairs are collected in a similar manner as data on normal maintenance actions. However, the cost data are not included in the operating cost calculation. Labor costs may be included depending on the mechanic (operator or manufacturer) and whether those hours were reimbursed under the warranty agreement. (Warranty maintenance information is collected primarily for an indication of reliability and durability.)
Biodiesel Fuel Analysis
Collecting and analyzing samples of B100 and B20 is useful in establishing and recording fuel quality. In addition, should equipment maintenance or reliability issues give reason to suspect poor quality or off-spec fuel, retained samples can be analyzed for corroboration.
NREL coordinated with HWRT to obtain samples of B100 used to blend each new batch of B20 delivered to Metro. These samples were stored in a cool, dark location before they were shipped to NREL. Fuel samples were analyzed by NREL and Southwest Research Institute (SwRI). Analyses performed are presented in Table 4 . Lube Oil Analysis Seven ULSD and seven B20 buses were selected for lube oil analysis over the course of the evaluation. Analyses included:
• TBN decay
• Wear metals (Fe, Cu, Cr)
• Evaporative metals (Ca, Zn, P)
• Other (Ba, Mg, Mo, Sn, Pb, Al, Si, Na)
Metro uses Chevron RPM 15W-40 lube oil in the evaluation buses. Oil is changed as a part of Metro's preventative maintenance (PM) schedule, every 6,000 miles. Metro maintenance staff sampled lube oil from the Cummins ISM sampling port every 2,000 miles, sometimes more frequently. Lube oil samples were collected in sampling containers, and mailed in pre-labeled packing provided by Cummins. Cummins conducted analyses to compare performance of lube oil samples of vehicles fueled with B20 and ULSD.
Evaluation Results
These final evaluation results are based on a 12-month evaluation period of October 2006 -September 2007.
Bus Use
During the evaluation period, the B20 and ULSD study bus groups accumulated 394,116 and 325,407 miles, respectively. Table 5 presents the average monthly mileage per bus during the evaluation period. The overall 12-month average monthly miles per bus for the B20 buses at BW depot is about 6% higher than for the ULSD buses at DB. This is primarily a function of depot size and routes served. The B20 and ULSD study fleet fuel consumption and economy data are presented in Table 6 . The calculated 12-month average fuel economy for the B20 buses is 1.7% lower than that of the ULSD buses. This difference is expected due to the approximately 2% lower energy content in a gallon of B20. The 12-month fuel economy for each bus was used to compare ULSD and B20 groups in a two-tailed, paired t-test. By conventional criteria, the difference between the two groups is not statistically significant with a high degree of confidence (P = 0.3). Figure 2 shows average monthly fuel economy for the two study groups for the 12-month evaluation period. This trend exhibits a continuous slight decline in fuel economy. Vehicle Reliability Analysis Figure 3 shows the cumulative MBRC for all RCs for the ULSD and B20 groups. Average MBRC values over the evaluation period were 2,375 and 2,627 for ULSD and B20 groups, respectively.
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Figure 3. Cumulative MBRCs
In addition, reliability as measured in MBRCs is assessed for the engine and fuel systems. Figure 4 shows the cumulative MBRC for all RCs for the ULSD and B20 groups. The ULSD group had a three month run of exceptionally high MBRC numbers, but by the end of the 12-month evaluation the B20 buses exhibited higher reliability, with engine and fuel system MBRC values of 6,924 and 8,211 for ULSD and B20 groups, respectively. 
Running Engine and Fuel System MBRCs
Maintenance Cost Analysis
The maintenance costs have been collected in a similar way for each study group. The duty cycle and maintenance practices at BR and DB depots are similar. All work orders and parts information available were collected for the study buses.
Total Maintenance Costs
This cost category includes the costs of parts, assumes hourly labor costs of $50 per hour, but does not include warranty costs. Cost per mile is calculated as follows:
Cost per mile = ((labor hours * 50) + parts cost)/mileage
The labor rate has been artificially set at a constant rate of $50 per hour so that other analysts can change this rate to one more similar to their own. This rate does not directly reflect Metro's current hourly mechanic rate. Table 7 shows total maintenance costs for the study buses during the evaluation period. The total maintenance cost per mile was 0.32% higher for the B20 buses than the ULSD buses. The 12-month total maintenance cost/mile for each bus was used to compare ULSD and B20 groups in a two-tailed, paired t-test. By conventional criteria, the difference between the two groups is not statistically significant with a high degree of confidence (P = 0.8). The monthly and running average of maintenance costs for the diesel and B20 groups are compared in Figure 5 . The running average or cumulative presentation of maintenance costs shows the average of the costs up to a given month and smoothes occasional spikes in monthly maintenance costs. Maintenance costs are initially higher for the B20 group, but ultimately gain parity with the diesel group by the ninth month of the evaluation. 
Engine and Fuel System Maintenance Costs
The impact of B20 on the vehicle fuel delivery system is of considerable interest to NBB, OEMs, and end users. Consequently, this analysis also includes a maintenance cost comparison specific to the engine and fuel system.
Metro codes and categorizes labor events and parts replacements according to vehicle subsystem or maintenance activity. For example, maintenance performed on the engine, fuel system, or as part of a preventative maintenance program is coded differently. Using these codes, the maintenance and repair data were analyzed in more detail to assess differences at the engine and fuel system level-the systems that B20 use might be expected to impact.
Bus maintenance costs during the evaluation period related to the engine and fuel system are presented in Table 8 . The engine and fuel system maintenance cost per mile was 35% higher for the B20 buses than the ULSD buses. These higher costs for the B20 study group were driven primarily by an elevated number of fuel injector replacements (see Fuel System Component Replacements). Nevertheless, the bus to bus variability is so high that this difference is not statistically significant. The 12-month engine and fuel system maintenance cost/mile for each bus was used to compare ULSD and B20 groups in a paired t-test. The difference between the two groups is not statistically significant with a high degree of confidence (P = 0.21). 
Engine and Fuel Systems Maintenance Cost Comparison
The monthly and running average of engine and fuel system maintenance costs for the diesel and B20 groups are compared in Figure 6 . The running average or cumulative presentation of maintenance costs shows the average of the costs up to a given month and smoothes occasional spikes in the monthly maintenance costs. These engine and fuel system maintenance costs are higher through the first several months for the B20 group, driven by the elevated number of fuel filter and fuel injector replacements. Although the B20 group engine and fuel system related maintenance cost is $0.02/mile higher than the ULSD group, the B20 group total maintenance cost is only $0.002/mile higher. Thus, engine and fuel system related maintenance was not a significant driver in total maintenance costs. 
Fuel System Component Replacements
Looking specifically at fuel system parts that may be considered potentially susceptible to B20 use, maintenance items found in the data include the following:
• Fuel filter
• Fuel injector
• Fuel pump
• Fuel system flush.
The fuel filter and fuel system flush are grouped with a suite of preventative maintenance repair checks and part replacements. A fuel system flush is performed every 50,000 miles. The occurrence of a fuel system flush outside of this interval could indicate fuel system diagnostic activities to be further investigated. Fuel filters are replaced at 6,000 mile intervals, but Metro changed B20 bus fuel filters every 2,000 miles for the first two months to avoid RCs caused by fuel filter plugging. This is a common practice by fleets switching over to a biodiesel blend, but we are not aware of data to support this change in practice. Table 9 presents fuel system part replacement frequency for the ULSD and B20 groups over the evaluation period. Fuel filter replacements listed are those that occurred outside of PM activities, and may indicate a fuel-related issue. All fuel system flush events occurred as part of 50,000-mile PM events. The bulk of this analysis focuses on the high incidence of fuel injector replacements with B20 use. Fuel injectors are a costly item, and their long-term durability with B20 use is unknown. According to Metro, injectors on this order group of buses have been observed to fail as early as 100,000 miles. Table 10 presents the miles accrued on buses with injector replacements during this evaluation. It is unknown how many miles had been driven on these injectors prior to the start of the study. Of note is the wide range of miles driven on B20 prior to injector failure, suggesting that total injector mileage may be a more important factor than exposure to a specific fuel. Also note the higher evaluation starting mileage (by about 20,000 miles) of the B20 group. Gateway Cummins, Inc. is the local Cummins supplier for Metro. According to Metro, fuel injectors have been covered under warranty by this supplier for this particular bus group even beyond the 100,000 miles normal warranty. Table 11 presents the labor and parts costs associated with injector replacements for all study buses. Parts costs that are blank are indicative of warranty replacements. Metro maintains a field in their maintenance database for "job reason", which sheds some light on why a repair occurred. The "job reason" can range from a driver report of suspected malfunction or diminished performance, to a scheduled maintenance event. Table 11 includes this information when known, which in some cases qualifies fuel injector replacements. As presented above, the ULSD-fueled buses had one known scheduled fuel injector inspection and replacement out of three. However, the B20-fueled buses had injectors replaced under circumstances that suggest operational problems. Table 12 presents fuel filter replacements (10) and fuel injector replacements (3) for B20 buses in February 2007. The two shaded regions show date ranges in which fuel filter replacements were followed by fuel injector replacements.
At the onset of this project, NREL and Metro agreed to employ a "part retention program" for fuel system parts, which would allow tear-down analysis and identification of the root cause of failure. This effort was not executed by depot maintenance staff as planned. A retroactive investigation into fuel injector replacements was initiated by NREL and led by Metro staff, but did not yield any additional information as to the cause of these maintenance events. Given the large number of buses in Metro's garages undergoing engine repairs, replacing injectors without significant analysis of the root cause of failure is not abnormal. Fuel analysis was conducted in part to determine if fuel system durability issues were connected with poor fuel quality. Biodiesel fuel analysis and results are presented below.
Based on the available data, the cause of the higher rate of fuel injector replacement for the B20 buses cannot be determined with certainty. On the one hand, exposure to B20 may have been the cause, but on the other hand, the higher mileage of the B20 buses might also have lead to a higher number of injector failures. This is not atypical for a 12-month evaluation, as a significantly longer time is generally required to fully understand fuel impacts on engine durability and maintenance. Note that the evaluation is being continued for a second year, and the additional data will hopefully clarify the situation.
Biodiesel Fuel Analysis and Results
Fifteen B100 and 19 B20 samples were analyzed by NREL or SwRI. These samples represented fuel consumed by Metro from late January through July 2007.
B100 analysis results are summarized in Table 13 . Only one sample was off-spec (flashpoint), and two additional samples were borderline (flashpoint). A sample is off-spec if flashpoint is <130C, but >93C and methanol content is >0.200% by mass; or if flashpoint is <93C. Generally, a flashpoint result in the 93 to 130C range warrants methanol analysis to confirm if the sample was off-spec. While free and total glycerin results are within specification, the absence of acid number results does not allow decoupling of fuel quality and fuel injector failures in B20 buses. 
Lube Oil Analysis and Results
Sixty-four lube oil samples from ULSD and B20 buses were analyzed by Cummins. Samples had a range of 833 to 6,477 oil miles. The figures below present results graphically. Figure 7 presents weight percent soot in oil. Ideally, soot should be below 3.0% by weight. Both ULSD and B20 groups exhibit very low soot; however the B20 group oil samples have lower soot and soot level is increasing with mileage at a lower rate. Figure 8 presents the kinematic viscosity of oil at 100C. Viscosity can be used as an indication of fuel dilution. 15W-40 oils, as used by Metro, have a minimum value of 12.5 cSt, thus this viscosity value should be above 12.5 cSt. Viscosity remains "in-grade" throughout the oil drain period for both groups. Figure 9 presents total base number (TBN) of oil. Ideally, TBN should be above 2.5 mg KOH/g. TBN appears slightly lower with B20, but both show sufficient TBN retention at end of drain. Figure  10 presents iron in oil; an indication of engine wear. Wear appears slightly lower with B20, especially at high mileage. Figure 11 presents lead in oil; an indication of engine corrosion. Corrosion appears slightly higher with B20, especially at high mileage. However, the oil is still "in-grade" throughout the oil drain period.
In general, there appeared to be no harm to lube oil with B20 use, and some potential benefits. Both soot in oil and wear metals were lower with B20 use as compared to ULSD. TBN, kinematic viscosity, and corrosion were slightly compromised with B20 use, but oil was still "ingrade" throughout the 6,000 mile oil interval. 
Conclusions
• With similar usage and duty cycle, the B20 study group exhibited a 1.7% lower fuel economy than the ULSD study group. This difference is expected due to the lower energy content of B20 fuel. However, this difference is considered to be not statistically significant (P = 0.3).
• The B20 study group exhibited similar reliability (as measured in MBRC) to the ULSD study group.
• There was no significant difference in total maintenance cost per mile between the two study groups; engine and fuel system related maintenance was not a significant driver in total maintenance costs.
• The engine and fuel system maintenance cost per mile was 35% (P = 0.21) higher for the B20 study group than the ULSD study group, but the difference is not statistically significant because of high vehicle to vehicle variability in engine and fuel system maintenance costs.
• The B20 study group had a higher incidence of fuel filter replacements. Initially, fuel filters were intentionally replaced at a 3:1 ratio on B20 buses, as a proactive effort to avoid filter plugging due to loosening of fuel system deposits. The reason for the replacement of ten fuel filters on B20 buses in February 2007 is unknown, but extremely cold temperatures (below cloud point) could be to blame.
• The B20 study group experienced an elevated number of fuel injector replacements.
• Metro's maintenance database indicates that operational problems led to fuel injector replacements on B20 buses. No additional qualifying information is available. However the bus group, which includes the study buses, is the subject of ongoing warranty replacement of injectors by the local Cummins distributor. All fuel injector failures occurred within the expected mileage range of failure for this group, and no obvious pattern exists in terms of miles driven on B20 prior to injector replacement.
• Although analysis of B100 fuel samples did not indicate poor fuel quality as measured by free and total glycerin, no fuel injectors were retained for tear-down analysis to determine failure mode and cause.
• Lube oil analysis indicates no harm, and some potential benefits, with B20 use; notably, soot and wear metals were lower with B20 use. Viscosity, total base number, and corrosive metals were generally more positive with ULSD use, but these qualities were still "in-grade" for the B20 buses throughout the oil drain interval.
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